Abstract. Barcoding has proven a useful tool in the rapid identification of all life stages of fish species. Such information is of critical importance for fisheries management and conservation, especially in high-diversity regions, such as Mexico's marine waters, where more than 2200 species occur. The present study reports the barcode analysis of 1392 specimens from the Yucatan Peninsula, corresponding to 610 adults and juveniles, 757 larvae and 25 eggs, representing 181 species (179 teleosts and 2 rays), 136 genera and 74 families. Barcoding results revealed major range extensions and overlooked taxa, including three sympatric species of Albula (one likely undescribed) and a new taxon of Floridichthys. In total, six species of eggs and 34 species of larvae were identified through their barcode match with adults. These cases enabled the first discrimination of the larvae of four species of Eucinostomus, and new information about spawning locality and time was obtained from egg records for the hogfish, Lachnolaimus maximus, which is one of the most commercially important species in the Mexican Caribbean. Also, barcodes revealed mistakes in species recognition during a sport-fish contest. In the future, barcodes will help avoid similar errors and protect rare or endangered species, and will aid regulation of fisheries quotas.
Introduction
Since the pioneering study by Ward et al. (2005) on DNA barcodes of Australian fishes, more than 20 fish-barcoding studies have been published, confirming the effectiveness of this technique in the identification of fishes in different regions. For example, Rock et al. (2008) analysed 35 fish species from the Scotia Sea, reporting that COI (cytochrome oxidase subunit I gene) provided effective species-level discrimination that was unaffected by broad geographic sampling. Schlei et al. (2008) reported similar results in their study of eight coregonine species with distributional overlap in Alaska. Barcode comparisons of fish populations from North Atlantic, Mediterranean and Australasian waters showed no significant spatial genetic differentiation in 13 of 15 species, whereas two other species included two highly divergent barcode clusters, suggesting that they were each likely to be a species pair (Ward et al. 2008a) . In a study examining patterns of sequence divergence among populations of 35 major commercial fish species from the opposite sides of the Indian Ocean (Australia, South Africa), Zemlak et al. (2009) concluded that current taxonomic systems larval stages through matching with reference sequence libraries established through the barcode analysis of adults. Work on both the Great Barrier Reef (Pegg et al. 2006) and in the Antarctic (Webb et al. 2006) has shown the effectiveness of this approach. Aside from monitoring programs, barcode analysis is acceptance importance in life-history descriptions. For example, Baldwin et al. (2009) described the early stages of six species in two genera (Phaeoptyx and Astrapogon) and Victor (2007 Victor ( , 2008 and Victor et al. (2009) described larvae and adults of two new species of Coryphopterus and Lutjanus cyanopterus from the Caribbean.
Although the identification of fish larvae is difficult, the task is even more problematic for eggs, because of their small size (o1 mm) and similarity among species (Richards 2006) . Currently, there are descriptions to a species level for only 4% of the known fish species (Richards 1985; Kendall and Matarese 1994) . This gap needs to be resolved because it is crucial to identify eggs to recognise and protect spawning areas for commercially important or endangered species. Despite much effort (Moser 1996; Leis and Carson-Ewart 2000; Richards 2006; Fahay 2007) , the identification of early stages remains one of the major limitations in studies of the ichthyoplankton. For example, Kendall and Matarese (1994) found that only 10% of the Indo-Pacific species have a description for even one of their different larval stages. Barcodes will aid the advance of fisheries science by providing a rapid, reliable system for the identification of specimens by non-taxonomists, regardless of the life stage. They also aid taxonomists by revealing overlooked diversity (Gregory 2005; Zemlak et al. 2009 ) and speeding the description of new species by allowing specialists to concentrate in highlighted problems after the barcoding (e.g. see Quiroz-Vázquez and Elías-Gutiérrez 2009) . Finally, the capacity of barcodes to identify eggs and larvae will help ensure sustainable fisheries, allowing the protection of nurseries, for economically important species. Other practical applications involve the identification of processed fish in the marketplace to avoid substitution of species (Moura et al. 2008; Smith et al. 2008; Ward et al. 2008b; Wong and Hanner 2008) .
The only prior barcode study on Mexican fish examined 61 freshwater taxa and revealed more than 90% success in species discrimination (Valdez-Moreno et al. 2009) . No previous study has examined the 2200 fish species known from Mexican marine ecosystems (Escobar-Fernández and Siri 1997; Schmitter-Soto et al. 2000) . Our study sought to (1) test the ability of barcodes to distinguish marine species from the Yucatan coastline, (2) connect eggs and larvae to adults by using barcodes and (3) assess how correct identifications can aid fisheries management and conservation.
Materials and methods
Fish specimens (juveniles and adults) were collected from diverse environments on the shores of the Yucatan peninsula (18827 0 -21844 0 N, 86841 0 -90834 0 W) with seine nets, gill-nets, cast nets, harpoons and line fishing. Eggs and larvae of marine fish were collected with light traps and channel nets from the inshore waters of Quintana Roo and with multiple opening and closing net environmental sensing system (MOCNESS) nets offshore from Quintana Roo to Belize. Details on collection localities and dates are available within the project files 'Marine Fishes of Mexico I and II' and 'Mexican Fish Larvae I and II' on the BOLD (Ratnasingham and Hebert 2007) . DNA sequences have been submitted to GenBank (Accession Nos GU224295-GU225688). From the total specimens identified to species level, 116 species were represented by three or more specimens, 15 species were represented by two specimens and 50 species were represented by one specimen.
A small piece (,1-3 mm 3 ) of muscle was removed from each adult or juvenile fish and placed in 100% ethanol. To avoid DNA contamination, all tools were flame-sterilised before sampling each specimen. The remainder of each fish was ordinarily retained as a reference voucher in the Fish Collection of El Colegio de la Frontera Sur, Chetumal Unit (ECOCHP). Larvae were immediately preserved in 96% ethanol and DNA was subsequently extracted from a small piece of tissue from its right side. The remainder of each specimen was deposited in the Fish Larvae Collection (ECOCHLP) in the same institution and Centro de Investigación y Estudios Avanzados (CINVESTAV, IPN), Mérida Unit. When possible, we sampled five adults of each species. All identifications were based on specialised literature and consultation with specialist taxonomists in cases when identification was particularly difficult. Names follow Fish Base (Froese and Pauly 2006) .
Sequence analysis was carried out at the Canadian Centre for DNA Barcoding by using standard protocols (Hajibabaei et al. 2005) . DNA was extracted from 1-mm 3 tissue plugs that were placed in vertebrate lysis buffer with proteinase K and digested overnight at 568C. Genomic DNA was subsequently extracted using a membrane-based approach on the Biomek FX (Biomek FX, Brea, CA, USA) liquid handling station and AcroPrep 96 (AcroPrep 96, Pall Co., Port Washington, NY, USA) filter plates with 1.0 mM PALL glass-fibre media . A 652-658-bp segment of COI was amplified with different fish primers, including FishF1, FishR1, FishF2, FishR2 (Ward et al. 2005) or a M13-tailed fish-primer cocktail ).
The 12.5-mL PCR reaction mixes included 6.25 mL of 10% trehalose, 2 mL of ultrapure water, 1.25 mL of 10Â PCR buffer, 0.625 mL of MgCl 2 (50 mM), 0.125 mL of each primer (0.01 mM), 0.0625 mL of dNTP mix (10 mM), 0.625 mL of Taq polymerase (New England Biolabs, Ipswich, MA, USA or Invitrogen, Carlsbad, CA, USA) and 2.0 mL of DNA template. Amplification protocols followed those described in earlier publications (Hajibabaei et al. 2005) . PCR products were visualised on pre-cast agarose gels (E-Gels Ó , Invitrogen) and the positives, represented by a band, were selected for sequencing.
Products were labelled by using the BigDye Ó Terminator v.3.1 cycle sequencing kit (Applied Biosystems, Carlsbad, CA, USA) as described in Hajibabaei et al. (2005) , and sequenced bidirectionally with an ABI 3730 capillary sequencer (ABI, Carlsbad, CA, USA), following manufacturer's instructions. Sequence data, electropherograms, trace files, primer details, photographs and collection localities for specimens are available within the four project files already mentioned (see http:// www.barcodinglife.org).
Sequences were aligned using SEQSCAPE v.2.1.1 software (Applied Biosystems). Sequence divergences were calculated using the Kimura two-parameter (K2P) distance model (Kimura 1980) . Neighbour-joining (NJ) trees of K2P distances were created to provide a graphic representation of the patterning of divergence among species (Saitou and Nei 1987) . Divergence values were obtained from BOLD (Ratnasingham and Hebert 2007) .
Results
In total, 1392 marine-fish specimens were sequenced, including 610 adults and juveniles, 757 larvae and 25 eggs. These individuals corresponded to representatives of 181 species (179 teleosts and 2 rays), 136 genera and 74 families. In all, 1.8% (11 of 610) of the adults and juveniles could not be identified to a species level through morphology or barcodes. Most of the larvae and eggs were identified, whereas 137 specimens failed to gain identification because there are no matching sequences on BOLD (see Accessory publication). Read lengths were all more than 600 bp long and there were no insertions, deletions or stop codons. The full K2P-NJ tree is provided as an Accessory Publication, and Table 1 provides an overview of the patterning of sequence divergences. The average K2P distance (Table 1) among conspecific individuals was 0.31%, whereas congeneric species showed a far higher average divergence (13.88%).
We sequenced 25 fish eggs, and barcode results enabled the identification of five eggs to species level (Caranx bartholomaei, Haemulon plumieri, Lachnolaimus maximus, Mugil cephalus, Acanthurus bahianus). The rest could not be identified because they failed to match any barcode records from adult fish.
In total, 34 species of larvae could be matched (with o2% divergence) with their adult stage, five species had barcodes coincident between adults and eggs, and two more species matched larvae with eggs (again, with o2% divergence) (Fig. 1) . The remaining larvae belonged to 75 different barcode lineages, with no close correspondence to any species in our adult collections. However, probable generic assignments, on the basis of the BOLD system to identify a specimen, were possible in some cases, including the following: Acyrtops, Albula sp. 1 (Species F), Apogon, Caranx, Ceratoscopelus, Chlopsis, Cyclopsetta, Decapterus, Elops, Enneanectes, Eucinostomus, Haemulon, Hygophum, Jenkinsia, Lobianchia, Myrophis, Ogilbia, Ophichthus, Pseudomyrophis, Rhynchoconger, Saurida, Scorpaena, Sparisoma sp. 2 , Sparisoma sp. and Sphoeroides.
Discussion

Adult fish
Barcoding revealed evidence for overlooked taxa in several genera, including the bonefish (Albula), an important component of the recreational fishery. Our barcode results strongly suggested that three Albula species are sympatric in the southern Mexican Caribbean because three barcode clusters showing more than 5% of divergence were detected (see Fig. 1 ). So far, only A. vulpes has been reported from this region (SchmitterSoto 1998; Schmitter-Soto et al. 2000) , although A. nemoptera occurs in nearby Belize (Lavett et al. 2003) . Two species of Albula occur in Hawaii, on the basis of allozyme studies (Shaklee and Tamaru 1981) . A global study of Cytochrome b sequences revealed eight genetically divergent lineages; three corresponded with known species (A. vulpes, A. glossodonta, A. neoguinaica) , whereas the five new ones received interim names (Species A-E) (Colborn et al. 2001) . The following three of these taxa have now been described: Species C, which occurs in the Mexican Pacific, was named Albula esuncula ; Species D, which occurs in the Indian Ocean, was described as A. oligolepis (Hidaka et al. 2008) ; and Species E, which occurs from Baja California to Ecuador, was named A. pacifica (Pfeiler 2008) . Species B from the Caribbean has been assigned to A. garcia, but this is a nomen nudum (see , and Species A from the Gulf of California awaits description (Colborn et al. 2001; Adams et al. 2007; Bowen et al. 2007 ). On the basis of these results, we conclude that our three species are A. vulpes and A. garcia, represented only by larvae, and Albula sp. 1, a new species which we designate as Species F, following the established interim naming system (Colborn et al. 2001) . We first presumed that Albula sp. F was A. nemoptera which occurs in Belize (Lavett et al. 2003) ; however, the juvenile of Species F lacks the distinctive characters for A. nemoptera, namely a prolonged last ray of the dorsal and anal fins and a large mouth (Rivas and Warlen 1967) .
We also studied barcode diversity in members of the Istiophoridae, another important family of game fish, examining tissues from 15 specimens caught in a contest involving 250 boats at Cozumel Island. From nine specimens identified by the judges as blue marlin (Makaira nigricans) and six as white marlin (Kajikia albida), the barcode results and a careful retrospective examination of photographs revealed that only one specimen was actually a blue marlin, whereas 14 were white marlins.
Species of the family Gerreidae ('mojarras') are economically important in Mexico, especially in the Caribbean region. Seven of the nine species known from our sampling region (Schmitter-Soto et al. 2000) were represented in our collections and all but one comprised a tight sequence cluster, supporting established species boundaries. The sole exception, Eucinostomus gula, was split into two groups showing a little more than 3% divergence, coincident with collection locality, with some specimens coming from the north-western coast of the Yucatan Peninsula (Gulf of Mexico) and other ones from Quintana Roo (Mexican Caribbean). The mullet family (Mugilidae) includes 17 genera and 72 species (Froese and Pauly 2006; Nelson 2006) ; however, only two of these species, namely Mugil curema and M. cephalus, are known from the Mexican Caribbean (Schmitter-Soto et al. 2000) . We initially assigned 17 mullets (some of them juveniles) to these two species; however, our barcode results indicated five highly divergent groups. Morphological re-examination of the specimens indicated the presence of three additional species. M. liza has been recorded from Belize (Lavett et al. 2003) , M. trichodon from Chetumal Bay (Schmitter-Soto et al. 2009 ) and the third taxon clearly represents a new species for the region; however, it could not be identified because only the head was retained as a voucher. This case makes clear the critical importance in retaining complete vouchers of all sequenced specimens. In the latter case, high-resolution photographs taken with attention to taxonomic characters can provide critical information about species identity.
One adult (ECOCH-5494D), in another family, the Cyprinodontidae, remains more or less a taxonomic enigma. It was assigned to Floridichthys sp., even though it is 7% divergent from the sole member of this genus known from Mexico (F. polyommus). This large divergence suggests that it is likely to represent a new species, although further specimens are required to validate this conclusion. The single specimen named Labrisomus nuchipinnis (MX055) is another interesting case. On the basis of certain morphological characters and a communication from Benjamin Victor (in litt.), it is likely to be L. cricota Sazima, Gasparini & Moura, 2002 . If so, this specimen represents a major range extension from Brazil to Mexico. Unfortunately, key diagnostic features were lost in our specimen, so more material is required to confirm its identity.
We found two more cases of large divergences within a single species. Achirus lineatus splits into two groups (2.2-2.7% divergence) consistent with their geographic origins, Gulf of Mexico and the Caribbean. The majority of our specimens were juveniles, and there were no observable morphological differences between the two groups. A second species, Elops saurus, included two barcode clusters showing 2.4-2.8% divergence, results concordant with Smith's (1989) discovery of two morphs in the Gulf of Mexico and the Caribbean Sea. A recent study corroborated the presence of two morphs in these geographic regions; E. saurus was found in the western North Atlantic and Gulf of Mexico, whereas Elops sp. occurred in the Caribbean (McBride and Horodysky 2004) .
All of these cases of important sequence divergence show how barcode data can speed the discovery of overlooked species, by allowing taxonomists to focus on specific problem cases.
In contrast to these cases of large divergence, we discovered only a single case where two different species had a low divergence (o2%), namely Harengula jaguana and H. clupeola. Some specialists recognise they are difficult to identify (CastroAguirre et al. 1999) , probably because they are young species, as occurred with the characids in a previous study on freshwater fish (Valdez-Moreno et al. 2009 ). Fig. 1 . Neighbour-joining tree (K2P distance) of 1392 COI sequences from 181 marine-fish species, including 179 teleosts and two rays. Triangle size behind the name gives a rough idea about the number of specimens barcoded (¥ or bigger, 3 specimens were sequenced; smaller or no triangle, less than three specimens sequenced). Species included adult and juvenile stages (A), pre-juvenile and larvae stages (L) and eggs (E).
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Matching eggs and larval stages with adults
Our results have provided, for the first time, some idea of the spawning time and areas for these species, data critical for fisheries management. For example, we recovered three eggs from the hogfish, L. maximus, in January. Before the present study, there was no information on the breeding localities or season for this species in the Yucatan region, although it is the most commercially important species in the Mexican Caribbean after snappers and groupers (E. Sosa, pers. comm.).
As noted earlier, barcoding revealed three lineages of bonefish larvae from the coastal waters of the Mexican Caribbean. One of these groups (represented by 32 larvae) was A. vulpes, a species common in the region (24 adults and juveniles), whereas A. garcia was represented only by five larvae. The third lineage, Albula sp. F, dominated the larval population (67 larvae), but was represented only by a single juvenile. These results have important management implications, because current sport-fishing regulations presume that there is just a single species, A. vulpes. Fishing pressure is considerable because it is one of the most important tourist attractions Ault et al. 2007; ) and even catch-and-release may result in fish individuals being more vulnerable to predation (Danylchuk et al. 2007) .
Larval descriptions for the Gerreidae in the western central North Atlantic are nearly lacking and meristic characters cannot distinguish among the species of Eucinostomus, except for E. lefroyi, which has two anal spines, whereas others possess three anal spines. As a result, all larvae in this genus are simply assigned to the E. argenteus-gula complex (Powell and Greene 2006) . A description of larval development is available only for one member of this genus, E. currani (see Jiménez-Rosenberg et al. 2006) . By contrast, our barcode results enabled the identification of larvae of four of the nine species in this region ( Fig. 1) , all previously unknown. Formal descriptions are now in progress. Two more species could be identified as E. harengulus and E. lefroyi, described from the Mexican Caribbean (SchmitterSoto 1998; Schmitter-Soto et al. 2000) , although we did not collect their adults.
From the biogeographical perspective, it will be important to ascertain whether the larvae detected in the present study were derived from local populations or whether they were transported by oceanic currents. We believe that larvae of A. garcia and Albula sp. F were likely to have been transported from a distant spawning location, because they have a long planktonic life (mean 56 days) (Mojica et al. 1995) . Some studies have indicated that a longer larval life gives more possibilities for a widespread distribution (Sponaugle et al. 2002; Carrillo et al. 2008 ). This will be known when the COI database is more complete.
Among the range extensions, it is important to note that Gymura micrura and Bairdiella chrysoura, previously recorded only from Yucatan (Gulf of Mexico), were now found in the Quintana Roo coast (Caribbean). Similarly, the new record for Mugil liza extends the range of this species to Quintana Roo, whereas the range of Canthidermis maculata is now extended into the Mexican Caribbean in contrast to prior reports from the western Caribbean (Floeter et al. 2008) .
Conclusion and general remarks
The present study has reinforced the conclusions reached in earlier DNA-barcoding studies of fish, which have demonstrated 98% success in the identification of marine species , by extending results to a new biogeographic region, the Caribbean. Many prior DNA-barcoding studies have revealed evidence of large genetic divergences among lineages that had been regarded as single species. The present investigation has reinforced this trend, revealing overlooked taxa in several genera, including some with considerable economic importance. Our study has also validated the utility of DNA barcoding in the identification of egg and larval fish specimens, a task that is otherwise extremely challenging in marine settings. On the basis of the present results, we expect that DNA barcoding will soon be a routine tool in fisheries management, aiding in efforts to protect nurseries and spawning areas, especially for species with economical or sport interest (Moura et al. 2008; Ward et al. 2008a) . Currently, prices have dropped to about US$5.00 for reagents from ADN extraction to sequencing in a high-throughput facility, such as the Biodiversity Institute (Ontario), and we expect that they will be even lower in the near future. With progress in technology and lower costs, these techniques will be readily available for a large-scale use. In the near future, pyrosequencing will allow us to obtain sequences for each species in mixed samples. However, to realise the full potential of these applications, there is a critical need for the comprehensive registry of fish barcodes (www.fishbol.org, verified 29 May 2010, see Ward et al. 2009 ) that is currently under assembly.
Finally, as this library becomes more comprehensive, uncertainties such as the unidentified larval forms that we encountered in the present study, will be eliminated with further identification. Monacanthus ciliatus|MFL670
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Lutjanus apodus|MFL598
Lutjanus apodus|MFL593
Lutjanus apodus|MFL595
Lutjanus apodus|MX117
Lutjanus apodus|MFL591
Lutjanus apodus|ECO-CH-P5492A
Lutjanus apodus|ECO-CH-P5492D
Lutjanus apodus|MFL337
Lutjanus apodus|MFL336
Lutjanus apodus|MX119
Lutjanus apodus|MFL601
Lutjanus apodus|MFL600
Lutjanus apodus|MFL592
Lutjanus apodus|MFL603
Lutjanus apodus|MFL333
Lutjanus apodus|MX120
Lutjanus apodus|ECO-CH-P5492C
Lutjanus apodus|ECO-CH-P5492E
Lutjanus apodus|MFL335
Lutjanus apodus|MX121
Lutjanus apodus|MFL597
Ocyurus chrysurus|MX057
Ocyurus chrysurus|MX056
Ocyurus chrysurus|MFL752
Ocyurus chrysurus|MFL434
Ocyurus chrysurus|MFL437
Ocyurus chrysurus|MX060
Ocyurus chrysurus|MX059
Ocyurus chrysurus|MX058
Ocyurus chrysurus|MFL438
Ocyurus chrysurus|MFL432
Ocyurus chrysurus|MFL436
Ocyurus chrysurus|MFL431
Ocyurus chrysurus|MFL433
Ocyurus chrysurus|MFL430
Ocyurus chrysurus|MFL439
Ocyurus chrysurus|MFL435
Lutjanus vivanus|MX191
Lutjanus vivanus|MX192
Lutjanus synagris|MX144
Lutjanus synagris|MX147
Lutjanus synagris|MX083
Lutjanus synagris|MFL800
Lutjanus synagris|MX145
Lutjanus synagris|MX146
Lutjanus synagris|MX084
Lutjanus synagris|MX148
Lutjanus mahogoni|MX225
Lutjanus mahogoni|MX223
Lutjanus mahogoni|MX224
Lutjanus mahogoni|MX226
Lutjanus analis|MX081
Lutjanus analis|MX080
Lutjanus analis|MX082
Lutjanus analis|MX079
Lutjanus buccanella|MX190
Lagodon rhomboides|MX1334
Lagodon rhomboides|MX1296
Lagodon rhomboides|MX1297
Lagodon rhomboides|MFL129
Lagodon rhomboides|MX087
Lagodon rhomboides|MFL128
Lagodon rhomboides|MX162
Lagodon rhomboides|MX1298
Lagodon rhomboides|MX1300
Lagodon rhomboides|MX163
Lagodon rhomboides|MFL130
Lagodon rhomboides|MX1299
Lagodon rhomboides|MX725
Lagodon rhomboides|MX161
Archosargus rhomboidalis|MX1341
Archosargus rhomboidalis|MX1340
Archosargus rhomboidalis|ECO-CH-P5507B 
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